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MORPHOLOGICAL PROPERTIES OF PROJECTION SPECIFIC PYRAMIDAL 
NEURONS OF PRIMATE ANTERIOR CINGULATE CORTEX  
MATHIAS GEORGE NITTMANN 
ABSTRACT 
 The anterior cingulate cortex is an important interface of cortical, motor, and 
limbic networks, and thus is a brain area uniquely situated to affect a wide variety of 
higher order functions. The aim of this study was to characterize the morphology of two 
distinct populations of anterior cingulate cortex (ACC) pyramidal neurons, a dorsal-
caudal population projecting to the premotor cortex (PMC) and a ventral-rostral 
population projecting to the amygdala. Retrograde tracers injected into area 6DC of the 
“cognitive” premotor cortex, and into the basolateral nucleus of the “affective” amygdala 
were used to label distinct projection neurons in the ACC.  Whole-cell patch clamp 
recording and intracellular filling techniques were used to fill the dendritic arbor of these 
labeled projection neurons. High resolution confocal microscopy and 3D neuronal 
reconstructions were used to quantify dendritic morphological parameters. Amygdala 
projecting neurons were more superficial than premotor projecting neurons, with an 
average soma-to-pia distance of 498 μm compared to 1,012 μm, respectively (amygdala 
projecting: 498 ± 139 μm vs. PMC projecting: 1012 ± 113 μm, p<.05). Overall, amygdala 
and PMC projection neurons had very similar average dendritic lengths, branch points, 
branch densities, and vertical and horizontal extensions in both apical and basal 
compartments. Amygdala projecting cells had greater apical tuft branch points than deep 
PMC projecting cells (8.25 vs. 3.3 apical tuft branch points, p<.05). Superficial PMC 
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projecting cells had smaller total vertical and apical vertical extensions than deep PMC 
projecting cells (Total vertical: 304.98 vs. 750.96 μm, apical vertical: 241.78 vs 601.95 
μm, p<.05). Sholl analyses revealed that the distribution of apical dendritic length as a 
function of distance from the soma of amygdala projections had bimodal peaks, while 
that of superficial and deep PMC cells had a single peak. Total spine number of amygdala 
projecting neurons was greater than PMC projecting cells (~17,000 spines vs. ~2,100 
spines). Three major classes of morphology were visualized within the ACC neuron 
reconstructions dataset: regular-tufted, narrow-tufted, and untufted, with the regular-
tufted cells containing more branch points than narrow tufted but less basal branch point 
density. The work in this study assessing cellular morphological properties of specific 
amygdala and PMC inputs and outputs within the ACC helps to characterize functional 
dynamics of both emotional and motor planning networks. 
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INTRODUCTION 
 
Anterior Cingulate Cortex Anatomy and Cytoarchitecture 
The cingulate cortex continues to intrigue neuroscientists due to its impressive 
array of cognitive, affective and motor integrative functions in human and non-human 
primates. Classically defined as part of the limbic system, the cingulate cortex is richly 
interconnected with diverse brain areas and is structurally, as well as functionally, 
heterogeneous. The anterior cingulate cortex (ACC) in particular is part of the frontal 
executive control network and is a strategic hub for integrating information from higher 
order frontal cortical areas and other limbic structures. The past four decades of study 
have implicated the ACC in a litany of higher order processes, from error detection and 
reward processing to motivational drive and motor planning (Hayden and Platt, 2010; 
Shen et al., 2015; Amemori, Amemori, and Graybiel, 2015). Furthermore, dysfunction of 
the ACC has been linked to numerous behavioral disorders such as depression, 
schizophrenia, and autism (Bush, Luu, and Posner, 2000). Despite growing insight into 
the ACC’s executive role in cognitive and behavioral control, many questions about the 
brain area’s unique neurocircuitry and cell morphologies remain. 
By location, the ACC is generally considered part of the medial frontal cortex, 
extending dorsally and rostrally from the corpus callosum. In addition to being rostrally 
oriented within the cingulate gyrus, anterior cingulate cortices are distinguishable from 
posterior cingulate cortices by their cytoarchitecture, projection patterns, and functions 
(Bush, Luu, and Posner, 2000; Vogt et al., 2005). The human ACC contains Brodmann 
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areas 24, 25, 32, a classification equivalent for the rhesus monkey brain used in the 
present work (Fig. 1A). Classified as a proisortical brain area, the ACC has laminar 
features in between those of adjacent six-layered neocortical areas and four-layered 
limbic areas. ACC areas 24, 25 and 32 areas have dysgranular cytoarchitecture, generally 
having a weakly differentiated layer 4, but with a large and densely packed layer 5 
(Morecraft et al., 2012; Fig. 1B). Layers 2 and 3 are often indistinguishable. About 80% 
of the neurons in the ACC are excitatory pyramidal neurons, with the remaining percent a 
mixture of inhibitory cell types (Paus, 2001).  In the cortex, pyramidal neurons in the 
superficial layers form more cortico-cortical connections and the deeper layers give rise 
to more cortico-subcortical pathways (Barbas, 2015). The structure and organization of 
these distinct laminar projection neurons in the ACC in primates is currently unknown 
and is the focus of the present study. 
 
Figure 1: Anatomy and cytoarchitecture of anterior cingulate cortex in the rhesus monkey. A, Medial 
surface of rhesus monkey brain with shaded areas 24, 25 and 32. Green oval indicates dorsal ACC 
subregion sample area. Red oval indicates ventral ACC subregion sample area. Scale bar = 1 cm. B, Coronal 
section of ACC showing laminar cytoarchitecture, stained with fluorescent Nissl (DAPI stain). Soma-to-pia 
depths of laminar boundaries are labeled. Scale bar = 100 μm. 
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Dorsal and Ventral ACC Subdivision 
With the advent of functional neuroimaging in the 1990’s, researchers began 
making major strides towards elucidating the ACC’s diverse functionality. Based on the 
results of fMRI and PET studies, as well as lesion, tract tracing and electrophysiological 
work, researchers proposed a categorical subdivision of the ACC into a dorsal/caudal 
region and ventral/rostral region (Devinsky, Morrell, and Vogt, 1995; Bush, Luu, and 
Posner, 2000).  Activity in the dorsal-caudal ACC subregion was repeatedly correlated 
with cognitive and motor planning tasks, with increased blood flow during task epochs of 
error detection, response selection and complex motor control (MacLeod and 
MacDonald, 2000; Barch et al., 2001; Botvinick, Cohen, and Carter, 2004). In contrast, 
the ventral-rostral ACC subregion was shown to be most active during affect-related 
tasks, specifically during processing of emotional stimuli, or during tasks with emotional 
distractors (Whalen et al., 1998; Bush, Luu, and Posner, 2000; Fig. 1A). For example, 
studies using the “emotional Stroop test” wherein subjects are tasked with identifying the 
text color of emotionally charged words such as “war” or “cancer”, have repeatedly 
shown high ventral ACC activation (Mohanty et al., 2007) Meta-analyses of ACC 
imaging studies as well as investigations of each sub-region's distinct connectivity 
patterns have lent further support for a dorsal-cognitive and ventral-affective ACC 
processing divide (Torta and Cauda, 2011). However, some researchers have cautioned 
that this functional division is not as clear-cut as once thought- rather that a gradual 
continuum of affective to cognitive processing domains likely exists in vivo (Margulies et 
al., 2007; Shackman et al., 2011). 
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The dorsal-caudal ACC (dACC) consists of supracallosal areas 24b, 24c, and 32, 
and is referred to as the “paralimbic” tier (Paus, 2001; Fig. 1A). In addition to 
connections with other ACC areas, the dACC has extensive bidirectional connectivity 
with the lateral prefrontal cortex, parietal cortex, and most pertinent to this study, to the 
premotor cortex (Barbas and Pandya, 1989; Morecraft and Van Hoesen, 1993; Bush, Luu 
and Posner, 2000; Fig. 2). The dorsal premotor cortex (PMC) consists of frontal lobe 
areas 6DC and 6DR, which are higher-level motor planning areas that project directly to 
the spinal cord (Hanakawa, 2011). Functional neuroimaging studies have shown that the 
dACC is activated during manual, oculomotor, and vocal responses, and others have 
reported a role for the dACC in goal-based action selection (Koski and Paus, 2000; 
Matsumoto, Suzuki, and Tanaka, 2003). Thus, it stands to reason that the dACC-
premotor pathway is an important component of these various motor planning-related 
tasks. However, little is currently known about the specific morphological and 
electrophysiological features of PMC-projecting ACC neurons. Given the various 
psychological disorders that have been correlated with ACC dysfunction that are also 
associated with motor planning deficits -- most notably Tourette’s and epilepsy --a deeper 
understanding of these specific neurons that participate in ACC-PMC pathways is an 
important step towards developing novel clinical treatments (Devinsky, Morrell, and 
Vogt, 1995). 
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Figure 2. Coronal Slice of ACC showing Premotor Cortex (PMC) and Amygdala (AMY) retrograde tracer 
injection sites. Two distinct retrograde tracer injection sites. Triangles represent individual ACC pyramidal 
neurons projecting to PMC and amygdala. 
 
The ventral-rostral ACC (vACC), also known as the ACC’s limbic tier, contains 
Brodmann areas 24a, 24b, 25, and rostral 32 (Paus, 2001; Fig 1A). Befitting its bias for 
“affective” processing, the ventral ACC receives afferent input from the amygdala and 
ventral striatum. The vACC projects back to the amygdala, as well as numerous other 
areas such as the periaqueductal gray, nucleus accumbens, hypothalamus, anterior insula, 
and hippocampus (Paus, 2001). The amygdala is a group of nuclei buried in the anterior 
part of the temporal lobe, which is essential for emotional processing. The amygdala 
interacts with the ACC, as well as the oribitofrontal cortex, and these interactions are 
important for emotional expression, memory formation and motivational aspects of 
decision-making (Paz and Pare, 2013; Janak and Tye, 2015). The vACC is thought to 
assess the salience of emotional and motivational information, and to regulate emotional 
responses through interactions with the amygdala and other emotional effectors in the 
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hypothalamus and the brainstem (Paus, 2001).  The ACC neurons that specifically project 
to the amygdala are likely essential components for mediating these ACC-amygdala 
functional interactions (Bush, Luu and Posner, 2000). It has been reported that there are 
more ACC neurons projecting to the amygdala than there are feedback projections, 
however the morphological and electrophysiological cellular properties of these 
projection neurons in primates are unknown (Ghashghaei, Hilgetag, and Barbas, 2007). 
Indeed numerous disorders of emotional dysregulation, such as depression and PTSD, 
have been linked to the ACC (Kennis et al., 2015). Therefore ventral ACC cells 
projecting to the basolateral amygdala are a significant focus of the present study (Fig. 2). 
 
Pyramidal Neurons and Dendritic Spines 
Pyramidal neurons are ubiquitous in the cortex and are associated with advanced 
cognitive functions (Spruston, 2008). All of the ACC projection neurons sampled in this 
study are pyramidal cells, as confirmed by visualization of their distinctive 
morphology.  Canonical features of a pyramidal cell include having a large, single apical 
dendrite emanating from the apex of the soma extending towards the pia, perpendicular to 
the pial surface, as well as a skirt of smaller basal dendrites radiating laterally from the 
soma’s base (Fig. 3). The apical dendrite consists of a proximal trunk which eventually 
bifurcates one or more times, forming the apical tufts. Branches at various angles off of 
the apical trunk are classified as oblique apical dendrites (Spruston, 2008). As the main 
excitatory cell of the nervous system, pyramidal cells have evolved to integrate incoming 
dendritic signals and selectively fire action potentials through their axon. These inputs, 
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either excitatory or inhibitory, are commonly received from other pyramidal neurons’ 
axon collaterals or long-range pathways. Pyramidal neurons in the cortex have one main 
axon that first give off local axon collaterals in the gray matter, then leave to travel into 
the white matter to target distant areas. These pyramidal neuron axons form an extensive 
network of glutamatergic excitatory synapses on both local and distant sites (Somogyi, 
Lujan, and Buhl, 1998). 
Despite these general prototypical features, pyramidal cells exhibit great 
morphological and electrophysiological diversity across areas of the brain, or even within 
the different layers of a single brain area (Spruston, 2008). For instance layer 3 pyramidal 
neurons in the primary visual cortex in monkeys are significantly smaller than layer 3 
pyramidal neurons of higher-order temporal and frontal association areas (Elston et al., 
2011; Amatrudo et al., 2012). Within the same cortical area, sub-cortical projecting deep-
layer pyramidal cells are generally larger than more superficial pyramidal cells (Larkman 
and Mason, 1990). In the ACC and premotor cortices, large pyramidal cells in layer 5 are 
prominent. Single-unit-activity recordings of these cells in vivo and whole-cell patch 
clamp recordings in vitro have elucidated electrophysiological characteristics, with 
significant variations often correlated with morphological differences (Amatrudo et al., 
2012). Continued investigation of pyramidal cell physiology and pathology is important 
clinically, as dysfunction in prefrontal pyramidal cells has been linked to various 
disorders such as schizophrenia or dementia (Arion et al., 2015; Neuman et al., 2015). 
Specific to the ACC, pyramidal neurons have been found to display altered dendritic 
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branching in the brains of depressed patients who had committed suicide (Hercher et al., 
2010). 
 
Figure 3: Basic morphological features of pyramidal neuron. Multiple basal dendrites emanating from 
soma, a single apical trunk with apical oblique dendrites, and a distal tuft of apical dendrites. Adapted 
from Spruston, 2008. 
 
Visualized at a higher level of magnification, pyramidal cells can be seen to 
possess small protrusions all along their dendrites known as dendritic spines. These 
spines serve to increase receptive surface area and are the primary post-synaptic 
excitatory sites of pyramidal neurons (Spruston, 2008). Spines vary in size and 
morphology, have been shown to undergo continuous remodeling, and are believed to be 
mediators of synaptically induced long-term potentiation (Yasumatsu et al., 2008).  Four 
major morphological types have been identified (Peters and Kaiserman-Abramof, 1970). 
Spines that have necks and a head size less than 0.6 μm in diameter are called “thin”, 
while spines with necks and head diameters greater than 0.6 μm are called “mushrooms”. 
Any spine with a neck greater than 3 μm are “filopodia” while any spine with no neck at 
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all is called a “stubby” (Fig. 4). It has been repeatedly shown that form and function of 
dendritic spines are correlated, and therefore changes in spine morphology affect synaptic 
transmission, integration and information storage (Araya, 2014). Irregularities in spine 
development, distribution, or function have been linked to numerous clinical disorders- in 
particular PTSD and schizophrenia (Selemon and Goldman-Rakic, 1999; Moench and 
Wellman, 2015). Therefore the study of pyramidal cell dendritic spines is essential for 
understanding ACC neural communication and networking. 
 
Figure 4. Spine morphology types and criteria. Thin (t), mushroom (m), stubby (s) and filopodia (f) spine 
subtypes labeled based on criteria stated by Peters and Kaiserman-Abramof, 1970. 
 
Purpose of this Study 
The purpose of this study is to quantify the morphological properties of distinct 
populations of ACC pyramidal neurons that project to emotional processing versus motor 
planning structures.  Using retrograde tracers, we labeled specifically projection neurons 
in the ACC directed to the amygdala, the center for emotional control, or the premotor 
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cortex, the centers for planning and execution of goal-directed action. We then use 
whole-cell patch clamp recording and intracellular filling techniques to assess the 
properties of these projection-specific neurons in the ACC and address the following 
questions: How do cellular features differ between these two subsets of ACC cells, 
compared to other cells within the ACC or different brain areas? To what extent does 
laminar location versus projection target influence physiology and morphology of 
projection neurons? Analyses of dendritic branching patterns and spine distributions will 
inform our understanding of these cell’s capacity to receive excitatory input.    
Assessments of the detailed cellular morphological properties of specific 
amygdala and PMC inputs and outputs within the ACC will help us understand the 
pathway-specific cellular and synaptic features that confer functional interactions in this 
network. Emotions are major drivers of action planning and decision making- therefore 
as an interface between the amygdala and PMC, the ACC plays an important role in 
guiding human behavior. Disruption of the ACC pathways under study can lead to 
misattribution of emotional and motivational context for goal-directed action, as seen in 
depression, bipolar disorder and PTSD (Tripp et al., 2012; Herringa et al., 2013). Insights 
gained from this study are an important step towards understanding how higher order 
neural circuits function at the cellular level and towards being able to more effectively 
treat pervasive human psychiatric disorders. 
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METHODS 
 
Experimental Subjects 
Experiments were conducted on 3 adult male rhesus monkeys (Macaca mulatta) 
of ages 5-7 years. These monkeys were part of a larger ongoing study of pathways in 
non-human primates. The subjects were obtained from the Yerkes National Primate 
Research Center at Emory University (Atlanta, GA) and housed at Boston University 
School of Medicine in the Laboratory Animal Science Center (LASC). All research was 
conducted in strict adherence to animal care guidelines from the NIH Guide for the Care 
and Use of Laboratory Animals and the U.S. Public Health Service Policy on Humane 
Care and Use of Laboratory Animals (National Resource Council, 2011). The Boston 
University School of Medicine LASC and the Emory University Yerkes National Primate 
Research Center are both accredited by the Association of Laboratory Animal Care. 
 
Injection of Tracers 
Prior to surgery for injection of tracers, stereotactic coordinates were calculated 
from magnetic resonance imaging (MRI) scans, as described (Luebke et al., 2015). Using 
aseptic surgical techniques, bilateral injections of retrograde tracers were placed in 
basolateral nucleus of the amygdala and premotor cortical areas 6DR and pre-SMA, in 
order to label ACCAmy and ACCPMC neurons. We used retrograde tracers that are known 
to be safe and non-toxic to neurons (latex microspheres, or 3000 MW dextran amines). 
Animals were first sedated with ketamine hydrochloride (10 mg/ml), intubated and 
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hooked up to an isoflurane anesthesia machine to maintain at a surgical level of 
anesthesia throughout the surgery.  Throughout surgery, vital statistics (respiration, spO2, 
temperature and heart rate) were closely monitored. 
 
Brain Slice Harvest and Preparation 
About 18-21 days after surgical injection of tracers, animals were perfused for 
harvesting of brain tissue and preparation of acute slices for recordings as described 
(Luebke et al., 2015). After sedation with ketamine hydrochloride (10 mg/ml) and deep 
anesthetization with sodium pentobarbital (to effect, 15 mg/kg, i.v.), animals were 
perfused through the ascending aorta with ice-cold Krebs-Henseleit buffer (mM: 6.4 
Na2HPO4, 1.4 Na2PO4, 137 NaCl, 2.7 KCl, 5 Glucose, 0.3 CaCl2, 1 MgCl2; pH 7.4, 
Sigma-Aldrich, St. Louis, MO). Blocks of tissue (10-mm3) from anterior cingulate area 
dorsal ACC (24) and ventral ACC (32 and some 25) were removed from the left 
hemisphere, and sectioned into 300-µm thick coronal slices in ice-cold Ringer’s solution 
(mM: 26 NaHCO3, 124 NaCl, 2 KCl, 3 KH2PO4, 10 glucose, 1.3 MgCl2, pH 7.4; 
Sigma-Aldrich) with a vibrating microtome. Slices were immediately placed at room 
temperature in an oxygenated (95% O2, 5% CO2) Ringer’s solution, and equilibrated for 
1h.   
 
Whole-Cell Patch-Clamp Recordings and Cell Filling 
Individual slices were placed into recording chambers (Harvard Apparatus, 
Holliston, MA) mounted on Nikon E600 infrared-differential interference contrast (IR-
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DIC) microscopes (Micro Video Instruments, Avon, MA, USA), while continuously 
superfused with room temperature, oxygenated Ringer’s solution at a rate of 2-2.5 
ml/min. Pyramidal neurons labeled with tracer were visualized using epifluorescence, 
toggling with IR-DIC to visualize the electrode and soma for whole-cell patch clamp 
recording. Standard tight-seal, whole-cell patch-clamp recordings with simultaneous 
biocytin filling were obtained from pyramidal cells as described previously (Amatrudo et 
al., 2012; Luebke et al., 2015). Potassium methanesulfonate-based solution 
(concentrations, in mM: 122 KCH3SO3, 2 MgCl2, 5 EGTA, 10 NaHEPES, pH 7.4; 
Sigma-Aldrich) with 1% biocytin was used as internal solution in electrodes. Data were 
acquired using HEKA EPC-9 or EPC-10 patch-clamp amplifiers interfaced with 
PatchMaster software, and analyzed using FitMaster software (HEKA Elektronik, 
Lambrecht, Germany). Following recording with simultaneous cell filling with biocytin, 
300-µm slices were fixed for 2 days at 4oC in 4% paraformaldehyde/0.1 M phosphate 
buffered saline (PBS; pH = 7.4). Following a PBS rinse, cells were placed in 1% Triton 
X-100 in PBS for 2 h at room temperature, and then for 2 days at 4oC in streptavidin-
Alexa 405 or 488 (1:500; Invitrogen, Carlsbad, CA). 
 
Confocal Imaging and Preprocessing of Image Stacks 
Image stacks were acquired using a Leica confocal laser-scanning microscope 
(Leica, Wein, Austria). For imaging entire neurons, stacks were acquired using a 40x/1.3 
NA oil-immersion objective (210 µm working distance; Plan-Apochromat, Zeiss). High 
resolution scans for spine and whole cell dendritic topology were taken with a resolution 
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of 0.08956 x 0.08956 x 0.34 µm per voxel. Low resolution scans for just whole cell 
dendritic topology were taken with a resolution of either 0.3 x 0.3 x 0.3 or 0.1 x 0.1 x 0.3 
µm per voxel, as described previously (Luebke et al., 2015). Confocal stacks were 
deconvolved using AutoQuant (Media Cybernetics, Bethesda, MD). Some stacks were 
automatically tiled during imaging by the Leica software, while others were tiled 
downstream using Volume Integration and Alignment System (VIAS) software. 
 
Dendritic Reconstruction and Analysis 
Dendrites were reconstructed in 3D using NeuronStudio (Dumitriu, Rodriguez, 
and Morrison, 2011), as described previously (Luebke et al., 2015). The total, basal, 
apical dendritic arbors were each analyzed for length and number of branch points. In the 
case of the apical dendrite, the lengths of the apical tuft, obliques, and trunk, and the 
number of apical obliques were measured separately. Sholl analyses of apical and basal 
arbors were employed using concentric spheres placed at 20 μm increments from the 
soma (Sholl, 1953) to determine the dendritic length, diameter, branch points, and spine 
count, density and size as a function of distance from the soma. Spines were manually 
marked in high resolution scans using NeuronStudio spine counting tool. Spine numbers, 
densities (spines per micron of dendrite) and width (widest part of head perpendicular to 
neck) were calculated. Spines were marked by subtype according to previous criteria 
(Luebke et al., 2015): spines with a head width of < 0.6 µm were classified as either thin 
or filopodia, with thin spines having a neck length ≤ 3 µm and filopodia having a neck 
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length > 3 µm. Spines with a head width of > 0.6 µm were classified as mushroom. 
Spines lacking a neck were classified as stubby. 
Vertical and horizontal dendritic and axonal extent was measured using VIAS 
software. Vertical extent describes the total radial extent of dendrites using the direction 
of the apical dendrite as the reference line. Horizontal extent describes the longest 
distance between dendrites perpendicular to the reference line of the apical dendrite. 
Soma to Pia distances were calculated in ImageJ using calibrated slice maps of tissue 
sections where neuron apical dendrites clearly branch toward the pia. To calibrate images 
of tissue sections, additional images were taken of a calibration slide containing a 250 μm 
grid with the same camera configuration at 2x, 4x, and 10x. The image of the calibration 
slide was opened in ImageJ, and the known distance of 250 μm was set as the scale for 
the micron to pixel ratio in all other images taken with the same camera configuration 
and objective. After calibration, the measurement tool was used to obtain the distance 
from each soma to the pia, perpendicular to the pia edge. 
 
Statistical Analyses  
Data was evaluated and the use of statistical methods to exclude outliers was 
utilized. Morphological data was analyzed for statistical significance using the Student’s 
t-test (two-tailed) and ANOVA. All data generated from NeuronStudio were transferred 
into Microsoft Excel files. The mean, standard deviation and standard error of each data 
set was calculated in Excel. Excel data was then exported to RStudio for graph and figure 
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production, and to IMB SPSS Statistics (IBM).  Sholl data was organized in Apache 
OpenOffice then exported to RStudio for figures and SPSS for statistical analysis.
  17 
RESULTS 
 
 
ACC pyramidal neurons that were recorded and intracellular filled were 
reconstructed in three dimensions (3D) using confocal image stacks acquired at 40x 
magnification. Utilizing retrograde tracers, specific ACC cells were identified as 
projecting to either the amygdala or to the premotor cortex (PMC; Fig. 5). Pyramidal 
neurons that were analyzed had somata either located in the superficial layer 3 or deep 
layer 5.  Thus, we grouped the pyramidal neurons based on projection target (PMC versus 
amygdala projecting) and laminar location (superficial layer 3 or deep layer 5). The three 
primary groupings of cells were: superficial layer 3 PMC-projecting cells (PMC-L3), 
deep layer 5 PMC-projecting cells (PMC-L5), and superficial layer 3 amygdala-
projecting cells (AMY-L3; Fig 5). Superficial layer 3 versus deep layer 5 designation was 
determined using the soma-to-pia distance of each neuron, wherein neurons with soma-
to-pia deeper than ~760 µm were classified as deep layer 5 cells (superficial to this depth 
as layer 3). All superficial PMC and amygdala-projecting cells fell into layer 3 
categorization (range defined as 350 to 700 μm), while all deep PMC projecting cells fell 
into layer 5 categorization (defined as >760 μm). Mean soma-to-pia distance for the 
superficial PMC projecting (620 ±142 μm) and amygdala-projecting neurons (498 ± 139 
μm) were statistically significantly lower than that of deep PMC (1209 ± 278 μm, p 
<.05). 
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Figure 5. Confocal scans of somata of intracellularly-filled tracer-labeled ACC projection neurons. 
Projection neurons in ACC were identified using retrograde tracer (shown in green or red), and filled with 
intracellular dye (shown in blue) to label the soma and dendritic arbor. A, Two rows of PMC projection 
neurons: first column shows tracer in green, middle column shows recording and filling of cell in blue, and 
last column shows first two images merged. B, One row of an amygdala projection neuron: first column 
shows tracer in red, middle column shows recording and filling of cell in blue, and last column shows first 
two images merged. 
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Figure 6. Confocal image of a layer 3 ACC pyramidal neuron. The XY, YZ, and XZ maximum projections of 
tiled confocal image stacks showing a layer 3 ACC pyramidal neuron scanned at 40x. This cell has a soma-
to-pia distance of 996 μm, a narrow-tufted morphology, and projects to premotor cortex. Scale bar = 100 
μm. 
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Cells chosen for 3D reconstruction were required to have a pyramidal soma, one 
apical dendrite extending from the apex of the soma towards the pia, and a skirt of basal 
dendrites radiating from the base of the soma (Fig. 6). Any cells which appeared 
unhealthy and/or possessed varicose dendrites were removed from the data set, as were 
cells with major truncations. After reconstruction, three major classes of cell morphology 
were identified, based primarily on the apical dendrite: regular-tufted, long narrow-tufted, 
and untufted. Regular-tufted neurons possess apical trunks with considerable oblique 
branching and a relatively distal bifurcation of an apical tuft that branches and ramifies 
extensively. Narrow-tufted neurons had less branching of oblique dendrites, and also had 
a more proximal bifurcation of the apical tuft that did not branch extensively but instead 
extended vertically for much longer lengths (Fig. 7). Untufted pyramidal neurons were 
classified as having no distinct tuft that ramifies from the trunk.  All cells analyzed fell 
into one of these three categories: 62.5% of cells were classified as regular-tufted, 25% as 
long and narrow-tufted, and 12.5% as untufted (total n = 16 cells). The number of basal 
dendrites emanating from the soma was recorded for each cell- the amount ranged from 4 
to 9, with an average of 5.98 for all cells. 
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Figure 7. Three distinct types of ACC pyramidal neuron morphology. Neuron tracings constructed using 
NeuronStudio. Basal dendrites shown in black, apical dendrites shown in light blue. A, Regular-tufted. B, 
Long and narrow-tufted. C, Untufted. 
 
                The total dendritic lengths, number of branch points, and branch densities was 
obtained for each reconstructed cell. Branch density is defined as the number of branch 
points per micron of dendrite. These three morphological parameters were quantified 
separately in apical and basal compartments, and subsequently apical and basal values 
were summated for total cell analysis. Overall, ACC cells grouped by projection type 
were very similar in regards to these three measures, with no significant differences 
between groups (Fig. 8). However, when the cells were grouped by morphology type 
(regular tufted, non-tufted, or long narrow tufted morphology), the regular tufted 
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morphology was found to have a larger amount of total branch points than the long, 
narrowly tufted (ANOVA, LSD post-hoc, p = 0.049). This result confirms what appears 
to be evident visually. Interestingly, the regularly tufted morphology cells had a lower 
basal branch point density than the long narrowly tufted cells (ANOVA, LSD post-hoc, p 
= 0.048).  
 
Figure 8. Total, apical and basal dendritic length, number of branch points, and branch density of 
distinct ACC pyramidal neurons. Morphological data grouped as: layer 3 PMC projections (PMC-L3), layer 
5 PMC projections (PMC-L5), and layer 3 amygdala projections (AMY-L3). A, Vertical scatter and box-and-
whisker plots for Total, Apical and Basal dendritic lengths, B, branch points; and C, branch density, 
reported as dendritic junctions per μm. “Branch points” and “junctions” are equivalent nomenclature. 
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Vertical, horizontal, and total extension data was obtained for each cell’s apical 
and basal dendrites (Fig. 9). Total vertical extension was greater for deep PMC projecting 
cells than for superficial PMC projecting cells (ANOVA, LSD post-hoc, p= .049; Fig. 
9A). Horizontal extension data was relatively similar for each of the three groups, with 
amygdala projecting cells having the greatest average total horizontal extension, followed 
by deep PMC then superficial PMC projections (amygdala: 446.03 μm, deep PMC: 
406.22 μm, superficial PMC: 396.57 μm; Fig. 9B). There were no other significant 
differences between groups determined by projection type. Indeed all three groups of 
cells varied considerably in their extent of growths in vertical or horizontal directions. 
When grouped by morphology, total vertical extension was larger for the narrowly tufted 
than regularly tufted, as was apical vertical extent (ANOVA, Regular tufted vs. narrow 
tufted, p < .01). 
 
Figure 9. Dendritic Extensions of distinct ACC pyramidal neurons. A, Vertical scatter and box-and-whisker 
plots of vertical extension and B, horizontal extension of Total, Apical and Basal dendrites of the three 
projection and laminar groups ACC pyramidal neurons (PMC-L3, PMC-L5, AMY-L3). 
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Numerous morphological parameters specific to the apical dendrite were 
investigated, including the dendritic lengths of the apical trunk, apical obliques, and 
apical tuft, as well as the number of obliques branches, number of tuft branch points, and 
tuft branch density (Fig. 10). Any cells that had apical truncations or missing tips were 
removed from data set. When analyzed by projection groups, the amygdala projections 
were found to have significantly greater tuft branch points than the deep PMC cohort 
(superficial amygdala versus deep PMC; ANOVA, LSD post hoc, p = .043; Fig. 10C). 
When analyzed by morphological classes, the regularly tufted cells had a greater oblique 
dendritic length compared to the narrowly tufted cells (tufted vs. narrow tufted, ANOVA, 
LSD post hoc, p =.038). 
 
Figure 10. Apical Dendritic Morphology of distinct ACC pyramidal neurons. A, Vertical scatter and box-
and-whisker plots of dendritic lengths of apical Tufts, main apical Trunks, and apical Oblique branches. B, 
Number of oblique dendrites. C, Number of tuft branches. D, Tuft branches per μm. 
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In order to quantify dendritic length and branch points as a function of distance 
from cell soma, Sholl analyses of apical and basal dendrites were performed for all three 
groups of pyramidal neurons. In order to compare between cells irrespective of differing 
total dendritic lengths, each cell’s apical and basal segments were broken into proximal, 
middle, and distal thirds (based on increasing distance from soma). The different 
projection cells had largely very similar Sholl profiles for dendritic length and branch 
points (Fig.11, Fig. 12). All pyramidal neuron groups had greatest dendritic length and 
branch point totals in their proximal segments. Neurons had their maximum number of 
branch points at an averaged distance from soma of 102 μm (Fig. 12). For total and basal 
dendrites the pyramidal neurons showed similar Sholl plots, which reveal a unimodal 
distribution of lengths and branch points as a function of distance from the soma, with 
maximal dendritic lengths and branch points in their proximal segment followed by a 
steady decrease into middle and distal segments (Fig. 11A1, 11A3, 11B1-3, and Fig. 
12).  However, for apical arbors, the amygdala projecting cells showed a distinct Sholl 
distribution compared to the unimodal distribution of PMC projections. Sholl distribution 
of apical dendritic lengths of amygdala projecting cells appears to be bimodal, with an 
initial maximum at 53 μm and a second peak at 300 μm (Fig 11A2). 
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Figure 11. Mean Sholl dendritic length distribution as function of distance from soma of distinct ACC 
pyramidal neurons. A, Dendritic length over distance from soma presented as Total, Apical, or Basal 
compartments. B, Dendritic length shown over distance from soma as divided into proximal, middle, and 
distal thirds, to account for individual cell differences in total dendritic length. 
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Figure 12. Mean Sholl branch point distribution as function over distance from soma. A, Number of 
branch points plotted over distance from soma, for total, apical, and basal compartments. B, Number of 
branch points plotted over distance from soma divided into proximal, middle, and distal thirds, to account 
for individual cell differences in total dendritic length. 
 
 
Finally, whole cell spine analysis was completed for 1-2 cells of each of the three 
primary projection groups. The number and densities of total spines and of spines by 
subtype (thin, mushroom, stubby and filopodia) were quantified for all of these cells (Fig. 
13). Spine density was determined as the number of spines at a given distance from the 
soma divided by the Sholl dendritic length data at that same distance. A majority of 
spines were of the thin subtype for all three groups of neurons, and an average of 82% of 
all spines counted were thin spines. The amygdala-projecting ACC cells had the greatest 
total spine counts as well as greatest spine density (amygdala projections total spine 
count: 17, 220; amygdala projections total spine density: 1.64 spines/μm). For the PMC 
projecting groups, apical dendrites appear to have lower spine density than the basal 
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dendritic arbor, while the inverse is true for the amygdala group (Fig. 13). Sholl analysis 
of number and density of total spines, as well as by spine subtype, as a function of 
distance from soma were employed (Fig. 14, Fig 15). Spine distribution and density was 
also quantified as function of normalized distance from soma subdivided into proximal, 
middle, and distal dendritic segments as described above.  Both the superficial amygdala-
projecting and superficial PMC-projecting neurons have the greatest number of total 
spines in their middle segment. In contrast, the deep PMC projecting neurons had the 
most spines in the proximal segment. Sholl analyses by spine subtype showed trends, 
consistent with the analyses for total spines (Fig. 15B-E).   
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Figure 13: Spine types and densities of distinct ACC pyramidal neurons. Total spine density (top), and 
densities (middle) and proportion (bottom) by spine subtype across total, apical and basal arbors of 
distinct projection neurons in ACC.  
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Figure 14. Sample sections of apical dendrites showing varied spine density and morphologies. 40x ACC 
cell scans. One cell from each projection group shown (top: PMC projecting layer 3, middle: PMC 
projecting layer 5, bottom: amygdala projecting layer 3). 
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Figure 15: Distribution of dendritic spines as function of distance from soma of distinct ACC pyramidal 
neurons. Sholl distribution of number of spines across total dendritic arbors as a function of absolute 
(left) and normalized (right) distance from soma for: A, Total spines; B, Thin spines; C, Mushroom spines; 
D, Stubby spines; E, Filopodia spines. 
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DISCUSSION 
 
The anterior cingulate cortex is a fundamental brain region to understand in the 
larger context of human cognition and behavioral planning. Given the ACC’s prime 
location, nestled between cortical, motor, and limbic areas, it is uniquely situated to affect 
a wide variety of higher order functions (Bush, Luu, and Posner, 2000). The ACC’s 
multifaceted role in cortical and limbic integration is made possible by specific pyramidal 
neurons, within the ACC, which project long range axons to distinct target areas (Paus, 
2001). Of particular focus in the present study were ACC pyramidal neurons with axonal 
signaling pathways to either the premotor cortex or the amygdala.  The goal was to 
identify, record from, digitally reconstruct, and comprehensively analyze the 
morphological data of these distinct populations of ACC projection neurons. Apical and 
basal dendritic arbors are the pyramidal neuron's major receivers of synaptic input, and as 
such their biophysical properties are integral determinants of cell excitability and, 
ultimately, neuronal activity (Spruston, 2008; Amatrudo et al., 2012). Therefore, 
quantitative knowledge of arbor size and shape, branching patterns, as well as spine 
distributions is critical for understanding ACC pyramidal neuron input-output 
functionality. Utilizing retrograde tracers to label and study two specialized populations 
of projection neurons in the primate ACC is employed here for the first time. Moreover, 
much is unknown about the detailed structural and functional properties of pyramidal 
neurons in specific layers in the primate ACC. Pyramidal neurons in the ACC residing in 
the superficial layers 2-3 and deep layers 5-6 were compared directly for the first time 
here in this study. 
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 The three primary groupings of ACC cells were superficial pyramidal neurons 
which projected to the basolateral amygdala, and both superficial and deep pyramidal 
neurons projecting to area 6DC of the premotor cortex. Our results show that there is 
variability within the three projection neuron groups with regards to dendritic morphology. 
The amygdala projecting cells sampled were found in the upper layers. Previous anatomical 
data has shown that in ACC, there is a higher proportion of upper-layer amygdala 
projections compared to other prefrontal areas (Ghashghaei and Barbas, 2002). These 
amygdala projections are essential network components of the ACC’s emotional 
processing capabilities, while the neurons projecting to the premotor cortex are integral to 
higher order motor planning functions. The sample of PMC projections sampled here were 
located in the superficial and deeper layers of the ACC, consistent with findings in 
anatomical mapping studies (Barbas and Pandya, 1989). This study found that there were 
many differences in dendritic morphology determined by layer, a result which is in 
agreement with other neuroanatomical research (Barbas, 2015). Specifically, the result that 
deep PMC cells had a greater total vertical extension compared to superficial PMC cells 
confirms previous that deep-layer pyramidal neuron projections are larger than more 
superficial pyramidal cells (Larkman and Mason, 1990). The major determinant of a cell’s 
total vertical extension is its’ apical dendrite vertical extension, a parameter which was also 
greater for deep PMC than superficial PMC projections. Meanwhile, basal vertical 
extensions of each cell group were indistinguishable; suggesting that basal dendritic extent 
of vertical arborization is relatively standard across ACC cell types and layers.  
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When contrasted by projection, there were three findings of note that differed 
between amygdala projection neurons and PMC projection neurons of the monkey ACC. 
Two results focus on the morphology of the apical dendrite, with the first being that 
amygdala projecting cells displayed greater branching of their tufts than deep PMC 
projecting cells (Fig. 10C). Increased tuft branching is indicative of greater surface area 
allowing cells to receive more inputs, especially from more superficial layers (Molnár, 
Zoltán, and Cheung, 2006). The amygdala projecting neurons also exhibited a bimodal 
distribution of their apical dendritic lengths by distance from soma, unlike the unimodal 
distribution of the PMC projecting cells (Fig. 11A2). This secondary peak of dendritic 
length at 300 um may be due to unique genetic and cytoskeletal growth patterning, or could 
simply be a byproduct of extensive apical tuft branching consistently around this soma 
distance. Overall, the limited differentiability of these two projection neurons groups (when 
controlled by layer) is a bit surprising given that they are each projecting to such different 
(cortical versus subcortical) brain areas (Fig. 16). 
During morphological analysis of all ACC neurons, it was interesting to find that 
three clear morphology types emerged regardless of projections. The regular-tufted, 
narrow-tufted, and untufted groupings identified in this study are architecturally distinct 
enough to likely serve specialized and/or complementary roles within ACC network 
signaling. Regular tufted cells had a more extensively branching apical arbor, and greater 
tuft branch points than the long and narrow-tufted cells. Interestingly, regular-tufted 
morphology cells actually had basal dendrites with a lower branch point density than the 
narrow-tufted cells. Each neuron’s morphological class was primarily determined by 
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visualizing the apical dendrite- this data showed, however, that the basal dendritic arbors 
have morphological differences between these class groups as well. This finding suggests 
there could be a trade-off in neuronal development, such that increased branching of apical 
dendrites and therefore total cell branching, may be counterbalanced by less frequent 
branching of the basal dendrites. Another comparison showed that total vertical extension 
was greater for the narrow-tufted neurons than the regular-tufted cells. This suggests that 
neurons may grow dendrites with constricted volumes and attenuated branching in order 
to stretch out further and therefore receive incoming signals from more distant brain cells. 
 
Figure 16. Reconstructions of ACC pyramidal cells showing morphological variability. ACC neurons 
projecting to the premotor cortex are shown in green (top row), ACC cells projecting to the amygdala are 
shown in red (bottom panel). Both rows arranged with cells in increasing soma-to-pia depth. Scale bar = 
100 μm.  
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The whole cell spine classification of five neurons was possible due to the high-
resolution images of 40x confocal scans. Dendritic spines are fascinating in their variety 
and plasticity, serving as morphological mediators of cell synaptic inputs for pyramidal 
neurons (Spruston, 2008). Each of the four major spine shapes (thin, stubby, mushroom, 
filopodia) differentially impact signal transduction, particularly through varying the 
dynamics of calcium electrochemical signaling (Hu et al., 2016). In the present study, of 
the four categories of spine type shapes quantified, the thin morphology was the most 
common, followed by mushroom, stubby, and least commonly, filopodia, consistent with 
other brain areas (Luebke et al., 2015). Both of the superficial cell sets (layer 3 amygdala 
and layer 3 premotor projecting) had maximal spine distributions in their middle dendritic 
segments, versus the deep premotor projections which had more spines on its proximal 
segments, suggestive of greater input stimulation proximally for the deep PMC projection 
neurons. The other intriguing result from preliminary spine data was that the amygdala 
projecting cell had a nearly ten-fold greater amount of total spines than any of the PMC 
projecting cells (Fig. 13). Given the lack of many projection-specific distinguishers at the 
dendritic level, this pilot result suggests that the key to differentiating projection types 
may be their spines, and this the excitatory inputs they receive. Spines are the primary 
sites of excitatory synaptic input onto spiny pyramidal neurons (Spruston, 2008).  Thus, it 
would be important to assess structural and functional properties of these synaptic inputs 
in future studies.  
A particularly unique aspect of the current work was the morphological 
characterization of deep cortico-cortical neurons. Deeper layers of cortex have 
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traditionally been investigated for their role in projecting to subcortical structures such as 
the thalamus (Sherman, 2016), however this study reported on a population of deep ACC 
cells which project to the cortical premotor cortex. As the largest cohort with 8 
reconstructed cells, the deep PMC cells were remarkably diverse- with expansive ranges 
in height and widths and all three varieties of morphology present. The superficial 
amygdala projecting neuron group was also of note because neuroanatomical research 
has often focused on cortico-cortical connections of layer 3 ACC cells, overlooking 
significant cortico-subcortical pathways such as this one. 
In summary, layer and projection target is correlated with morphological features 
and diverse neuronal physiology (Barbas, 2015). Organization by layer is critical to 
establishing laminar microenvironments with organized compartmentalization of 
dendrites. Due to this segregation of inputs and inhibition, neural targets define the 
network these projections participate in and ultimately the communication between brain 
regions. Here we shed light on the properties of the neuronal “cables” that connect ACC 
with motor and limbic networks necessary for higher order functions and flexible 
behavior. 
 
Challenges and future directions 
As many cells as possible were recorded from for each type of projection-specific 
ACC neuron, however the specificity and relative rarity of these cells made obtaining a 
high yield problematic. In addition to achieving high quality recording and imaging, the 
objective of having neurobiologically accurate 3D neuronal reconstructions (and 
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subsequent morphology data sets) meant cells were carefully screened so that any 
unhealthy or malformed cells were discarded. In sum, a total of 16 cells were identified 
and scrutinized for final data analysis. Given the considerable diversity of morphology 
found both within layer and projection types, a higher cell sample size is a necessity and 
current project goal in order to be able to make further discoveries.  
Continuations of the present work also include several exciting new directions, 
each pursued with the goal of contributing to our understanding of different facets of 
ACC neuronal cell morphology and activity. First, apposition data from tracer cells 
(neurons originating in the amygdala and premotor cortex) synapsing back onto ACC 
cells will be important to assess to better understand bidirectionality of neural signaling. 
Further, future work should address the issue of convergence; whether amygdala and 
PMC pathways interact within the ACC. Based on the role of the ACC in integrating 
emotional inputs to guide future actions, it is foreseeable that amygdala and PMC 
projections interact through synaptic coupling via local axon collaterals. Do labeled 
amygdala afferent fibers terminating in the ACC synapse on filled dendrites of PMC 
efferent neurons and vice versa, or is it a closed cortico-cortical loop with amygdala 
efferents only synapsing with amygdala afferents? This investigation will lead to a better 
knowledge of the interconnectivity and hodology of ACC projections neurons. Further, 
investigating the biophysical intrinsic membrane and firing properties of these projection 
neurons will shed light on our understanding of cellular and network dynamics of inter-
areal communication. 
  39 
As further examination of the ACC’s cellular heterogeneity, neurons other than 
the ubiquitous pyramidal cell are also of scientific interest. One lesser studied cell is the 
von Economo cell, also known as a “spindle cell”, which is worthy of further 
characterization due to its reported ties to various neuropsychiatric afflictions (Butti et al., 
2013).  Excitatory pyramidal neurons constitute 80% of the ACC’s cellular milieu, with a 
remaining 20% mix consisting of inhibitory interneurons and other cell types. Dynamics 
of inhibitory neurons interactions with excitatory pyramidal neurons are critical for our 
greater understanding of neural networks (DeFelipe, 1997; Markram et al., 2004).  
 
Functional significance in normal brain function and disease 
The major goal of studying rhesus monkey brains is to gain insights into human 
primate brain neuroanatomy and function.  Current investigation into the specific 
morphology and physiology of ACC neurons aims to inform our understanding of similar 
neurobiological features in humans. However, it is important to note that data from non-
human and human primate studies are distinct, and we cannot assume that homologous 
brain areas have identical function (Cole et al., 2009). Specifically in ACC research it has 
been shown that conflict and error detection tasks appear to activate the ACC in humans 
but not monkeys (human: Yeun, Botvinick, and Cohen, 2004; monkey: Emeric et al., 
2008). Various modalities such as event-related potentials (ERP), and single-unit activity 
(SUA) recordings have corroborated this species specific discrepancy, and monkey ACC 
lesions do not impact behavioral reactions to conflict, while human ACC lesions do 
(Nakamura, Roesch, and Olson, 2005; Davis et al., 2005; Mansouri, Buckley, and 
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Tanaka, 2007). These differences and others like it may be simply due to limits in 
methodology- research in humans utilizes methods with much lower spatial resolution 
like fMRI or ERP, compared to the high resolution of single-cell recordings from 
monkeys. In general there is significantly less electrophysiological work done in humans 
than in monkeys, due to inherent difficulties of human psychosurgery and obtaining 
SUAs in vivo. Ultimately, although caution to not overextend monkey results to human 
understanding is advised, most human and monkey brain research indicates significant 
homology in the two primate species (Cole et al., 2009). 
 In addition to pursuing knowledge of normal human brain function, much of the 
neuroscience research focused on the ACC also aims to find treatment avenues for 
sufferers of various biopsychological disorders. The work in this study assessing cellular 
morphological properties of specific amygdala and PMC inputs and outputs within the 
ACC helps to characterize functional dynamics of both emotional and motor planning 
networks. Impairment of the ACC pathways under study is theoretically a basis for the 
misattribution of emotional and motivational context for goal-directed action, as seen in 
clinical disorders such as depression, bipolar disorder and PTSD (Tripp et al., 2011; 
Herringa et al. 2013; Arns et al., 2015; Palermo et al., 2015). Impressive work in this area 
is ongoing. New associations between ACC and neuropathic pain have been reported, and 
there have even been recently published cases using ACC cerebral implants to treat OCD 
and alcohol abuse (pain: Tsuda et al., 2017; ACC implants: De Ridder et al., 2017). Thus 
the clinical imperative to improve our understanding of the ACC’s neurobiology is 
increasingly evident. Indeed researchers continue to argue for the need to study ACC 
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neurons at fundamental morphological and synaptic levels, to potentially uncover the 
neural etiology of many disparate brain disorders. Such efforts may expedite the 
development of novel therapeutics to treat the causes of mental disorders instead of 
merely their symptoms (Umemoto et al., 2017). The neuroanatomical study reported in 
this thesis has worked towards the goal of essential neuronal characterization, and future 
efforts aim to continue contributing to the exciting and ever-advancing field of anterior 
cingulate cortex research. 
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